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Resuscitation-promoting factors (Rpfs), apparent peptidoglycan hydrolases, have been implicated in the
reactivation of dormant bacteria. We previously demonstrated that deletion of rpfB impaired reactivation of
Mycobacterium tuberculosis in a mouse model. Because M. tuberculosis encodes five Rpf paralogues, redundant
functions among the family members might obscure rpf single-knockout phenotypes. A series of rpf double
knockouts were therefore generated. One double mutant, Arpf4B, exhibited several striking phenotypes.
Consistent with the proposed cell wall-modifying function of Rpfs, ArpfAB exhibited an altered colony mor-
phology. Although ArpfAB grew comparably to the parental strain in axenic culture, in vivo it exhibited
deficiency in reactivation induced in C57BL/6 mice by the administration of nitric oxide synthase inhibitor
(aminoguanidine) or by CD4* T-cell depletion. Notably, the reactivation deficiency of Arpf4B was more severe
than that of ArpfB in aminoguanidine-treated mice. A similar deficiency was observed in ArpfAB reactivation
from a drug-induced apparently sterile state in infected NOS2™/~ mice upon cessation of antimycobacterial
therapy. Secondly, ArpfAB showed a persistence defect not seen with the ArpfB or ArpfA single mutants.
Interestingly, ArpfAB exhibited impaired growth in primary mouse macrophages and induced higher levels of
the proinflammatory cytokines tumor necrosis factor alpha and interleukin 6. Simultaneous reintroduction of
rpfA and rpfB into the double-knockout strain complemented the colony morphology and macrophage cytokine
secretion phenotypes. Phenotypes related to cell wall composition and macrophage responses suggest that M.
tuberculosis Rpfs may influence the outcome of reactivation, in part, by modulating innate immune responses

to the bacterium.

Mycobacterium tuberculosis is a globally important human
pathogen responsible for an overwhelming burden of disease
(10, 12, 64). The pathogen is well suited for its niche within the
human host, as the bacterium is able to enter a persistent and
possibly dormant state within infected individuals. This clini-
cally silent persistence can continue for decades, until host
immune compromise, as by human immunodeficiency virus
infection, steroid administration, or senescence, leads to overt
disease. Since a significant proportion of the world’s popula-
tion harbors latent tubercle bacilli, understanding latency and
reactivation at a molecular level is critical for devising im-
proved strategies for tuberculosis treatment and control.

Our understanding of the latent state remains limited due to
both the paucibacillary state associated with tuberculous la-
tency and the inherent difficulties in modeling latent disease.
The publication of the complete genome sequence of M. fu-
berculosis (7) has facilitated the study of mycobacterial genes
whose homologues in other organisms possess defined func-
tions. Genome-sequencing studies have revealed that M. tuber-
culosis encodes five genes with substantial homology to the
resuscitation-promoting factor (Rpf) of Micrococcus luteus.
The Rpf of M. luteus is an ~16- to 17-kDa secreted protein that
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restores active growth to M. luteus cultures rendered “dor-
mant” due to prolonged incubation in stationary phase (36).
The Rpf-like proteins of M. tuberculosis have also been dem-
onstrated to stimulate the growth of stationary-phase myco-
bacteria (38). More recently, the Rpf core domain was re-
ported to share structural similarity with both lysozyme and
related bacterial peptidoglycan (PG)-degrading enzymes
termed lytic transglycosylases, which are involved in metabo-
lism (turnover) of the PG layer of the bacterial cell wall (5, 6).
Purified recombinant M. luteus Rpf was shown to possess mu-
ralytic (PG-degrading) activity on synthetic PG substrates; mu-
tational analysis revealed some correlation between loss of
muralytic activity and loss of growth-stimulatory activity (37).
It remains unclear how such an enzymatic activity is tied to the
resuscitative effects of the Rpfs on dormant bacteria in vitro or
in vivo. Possibilities include an alteration of cell wall structure,
which overcomes a physical block to cell growth and division
(23), versus a more indirect effect through the signaling prop-
erties of released cell wall components (PG fragments), which
have the potential to signal either within the bacterium or in
the mammalian host (13, 18, 19, 32, 49), versus an effect of
altered cell wall permeability (24).

The studies described above suggest that M. tuberculosis
Rpfs can regulate mycobacterial growth. The rpf-like genes of
M. tuberculosis H37Rv are distributed throughout the chromo-
some, with gene designations Rv0867c (rpf4), Rv1009 (rpfB),
Rv1884c (rpfC), Rv2389c (rpfD), and Rv2450c (rpfE) (http:
//genolist.pasteur.fr/TubercuList/). We previously found that
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deletion of individual 7pf genes from the chromosome of M.
tuberculosis yielded viable mutants showing normal growth and
persistence in vitro or in vivo in a mouse model of chronic M.
tuberculosis infection (60). Using a murine persistent-tubercu-
losis model in which reactivation was induced by administra-
tion of the nitric oxide synthase (NOS) inhibitor aminoguani-
dine (AG), we found that mice infected with one of the rpf
deletion mutants—the ArpfB knockout—displayed a deficiency
in reactivation (61). Given the high degree of homology in the
“core domain” among the five M. tuberculosis Rpfs, we rea-
soned that redundancy of function could obscure phenotypes
for Rpf loss. In fact, others have shown that an M. tuberculosis
strain deficient in three rpf-like genes, but not one, displayed a
growth defect in a mouse model (11). More recently, it has
been demonstrated that all five Rpfs can be simultaneously
deleted from the M. tuberculosis chromosome (21) and that the
two quadruple-mutant strains examined for in vivo phenotypes
were attenuated for growth in a mouse model (21).

Here, we studied a series of M. tuberculosis strains with two
rpf-like genes simultaneously deleted and found that the
ArpfAB mutant displayed a reactivation deficit in mice even
more pronounced than that observed for the ArpfB mutant. In
addition, the ArpfAB mutant exhibited a deficiency in persis-
tence not observed for the ArpfB strain. Further, compared to
wild-type (wt) M. tuberculosis Erdman, the ArpfAB strain dis-
played altered colony morphology and elicited a different mac-
rophage cytokine response. Cumulatively, these data suggest
that RpfA and RpfB function to modulate innate immune
responses to M. tuberculosis and that these altered host re-
sponses may contribute to the impaired capacity for persis-
tence and reactivation.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The wt M. tuberculosis Erdman strain
(Trudeau Institute, Saranac Lake, NY) and the various rpf gene double-deletion
mutants were grown at 37°C in Middlebrook 7H9 broth medium supplemented
with 0.2% glycerol, 0.05% Tween 80, and 10% oleic acid-albumin-dextrose-
catalase (OADC) enrichment (Becton Dickinson) (complete 7H9 medium),
while the solid medium was 7H10 agar supplemented with 0.5% glycerol and
10% OADC (complete 7H10 agar). For growth of the deletion mutants, the
medium was supplemented with hygromycin (Roche) at 50 pg/ml.

Construction of rpf double-deletion mutants. The construction of the 7pf single-
deletion mutants was described previously (60). To construct the rpf double mutants,
the ArpfA and ArpfD strains were first unmarked by removal of the hygromycin
resistance gene. As described previously (1), the specialized res-hyg-res gene cassette
employed to make the rpf knockouts contains the specific DNA binding sites (res) for
a site-specific yd-resolvase, the product of the mpR gene of Escherichia coli trans-
poson TnZ000 (Amp*) (2, 44). Excision of the hygromycin resistance cassette was
achieved by transient expression of the yd-resolvase from the pYUBS870 plasmid,
with subsequent loss of the sacB-expressing pY UB870 plasmid selected for by plat-
ing onto medium containing sucrose (1). The second rpf deletions were introduced
into the ArpfA:ires and ArpfD::res unmarked strains by again using the phage-medi-
ated method of specialized transduction (1). Southern blot analysis of the resulting
strains is shown in Fig. 1 (demonstrating unmarking of rpf4 or mpfD to generate
ArpfA:res and ArpfD:ires) and Fig. 2 (demonstrating introduction of the second rpf
deletions into the unmarked strains). The double-deletion mutants generated were
ArpfA:res ArpfB:ires-hyg-res (abbreviated ArpfAB), ArpfA:res ArpfC:ires-hyg-res (ab-
breviated ArpfAC), ArpfA:res ArpfD:ires-hyg-res (abbreviated ArpfAD), ApfA:res
ArpfE:res-hyg-res (abbreviated ArpfAE), ArpfD:res ArpfB:res-hyg-res (abbreviated
AipfBD), ArpfD::res ApfCrires-hyg-res (abbreviated ArpfCD), and ArpfD::res AipfE::
res-hyg-res (abbreviated ArpfDE).

Colony morphology. To evaluate colony morphology, cultures of the Erdman
wt, the ArpfAB double-mutant strain, or the ArpfAB-complemented strain (see
“Complementation of the ArpfAB mutant” below) were grown to log phase in
complete 7H9 medium (supplemented with 50 pwg/ml hygromycin for the mutant

INFECT. IMMUN.

A. €~ ArpfAires — 3 &
ApfD  ApfB ApfE  ArpfC b&&?;éb
10.0= | i
6.0= - " strain size (bp)
a5 wt 2484
o -®  ApfA 1969
L5-f ArpfA:res 6549
B. «——— ArpfDire§ — 3
ArpfB ApfE  ApIC  ArpfA &@ (ézf“
4.0= — . s
2.0-! - strain size (bp)
15 o N - w 33
: ArpfD 3268
w ArpfDires 1507
0.5-

FIG. 1. Southern blots demonstrating the unmarking of the rpf4
and rpfD deletion mutants. (A) Genomic DNAs prepared from puta-
tive rpf double-knockout strains, from the original single ArpfA strain,
or from Erdman wt were digested with BstEIl and probed with a
32P_labeled probe consisting of the upstream flanking region of the
1pfA gene. The expected band sizes for the Erdman wt, ArpfA4, and
ArpfA::res strains are indicated to the right of the blot. (B) Genomic
DNAs prepared from putative rpf double-knockout strains, from the
original single ArpfD strain, or from Erdman wt were digested with
Smal and probed with a **P-labeled probe consisting of the upstream
flanking region of the rpfD gene. The expected band sizes for the
Erdman wt, ArpfD, and ArpfD::res strains are indicated to the right of
the blot. Panels A and B show that, for all of the putative double-
deletion mutants, the original “parental” strain did possess an un-
marked (or “resolved” [res]) rpfA gene (A) or rpfD gene (B). The
positions of size markers (kb) are shown on the left of each panel.

or 50 pg/ml hygromycin plus 25 pg/ml kanamycin for the complemented strain),
serially diluted, and plated onto complete 7H10 agar in the absence of antibiot-
ics. The plates were incubated at 37°C for ~30 to 35 days prior to photographing
of the colonies.

Mouse infections including CFU enumeration. Female C57BL/6 mice
(Charles River) aged 10 to 12 weeks were infected by aerosol (In-Tox Products,
Albuquerqe, NM) with the M. tuberculosis strains as described previously (52).
Frozen stocks of the strains were inoculated into 7H9 medium, and cultures were
grown to an optical density at 600 nm (ODg) of ~1.0, washed in phosphate-
buffered saline containing 0.05% Tween 80 (PBS-T), and diluted in PBS-T to a
concentration of 1 X 10° to 2 X 10° cells/ml for aerosolization infection. At
various times after infection, mice were sacrificed and portions of the lung,
spleen, and liver were homogenized in PBS-T. The tissue bacterial load was
determined by plating dilutions onto Middlebrook 7H10 agar (Difco) supple-
mented with 0.5% glycerol and 10% OADC. For the “modified Cornell model”
described in “Reactivation protocols” below, NOS2~/~ mice (Jackson; strain
002609) were used.

Reactivation protocols. (i) AG administration. Reactivation from the chronic
state of infection was induced in chronically infected C57BL/6 mice by the
administration of AG (2.5% [wt/vol] ad libitum in the drinking water, along with
5% glucose to improve the palatability of the NOS inhibitor) beginning at 13 to
18 weeks postinfection (14).

(ii) CD4 depletion. In a separate study, as indicated, reactivation was induced
in C57BL/6 mice by depletion of CD4* T cells. Beginning at 6 months after
infection, CD4™ T cells were depleted in vivo by weekly intraperitoneal injection
of 0.5 mg of rat anti-CD4 monoclonal antibody GK1.5 (Cellex Biosciences, Inc.,
National Cell Culture Center) as described previously (n = 10 to 11 mice per
group) (53). Similarly infected control mice (n = 10 mice per group) were
administered normal rat immunoglobulin G (IgG) (Jackson ImmunoResearch
Laboratories). The efficacy of CD4 depletion by this protocol was confirmed by
flow cytometric analysis of splenocytes of GK1.5- and control rat IgG-treated
mice (~77% reduction in the number of CD4™" T cells relative to rat IgG-treated
mice at 54 days posttreatment) (data not shown).

(iii) Modified Cornell model. NOS2~/~ mice were infected by aerosol; begin-
ning 16 days postinfection, the mice were administered 0.1 g/liter isoniazid (INH)
and 8 g/liter pyrazinamide (PZA), with both drugs provided ad libitum in the
drinking water. At the end of treatment (3 months), two mice per group were
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FIG. 2. Southern blots demonstrating that the second rpf deletions were introduced into the unmarked ArpfA:res and ArpfD::res strains.
Genomic DNAs were digested with Smal (A and C), BamHI (B), or Ncol (D) and probed with the upstream (B and C) or downstream (A and
D) flanking regions of the genes targeted for deletion. The expected band sizes for Erdman wt and the various rpf deletion mutants are indicated
on the right of each blot. Correct rpf double-deletion mutant clones include ArpfBD-2 and -3 (A), ArpfAB-1, -2, and -3 (A), ArpfCD-2 and -3 (B),
ArpfAC-2 (B), ArpfAD-2 (C), ArpfDE-2 and -3 (D), and ArpfAE-1 and -2 (D). The positions of size markers (kb) are shown on the left of each panel.

assessed for tissue sterilization and the remaining mice were observed for disease
progression. Mice that were moribund and were judged likely to succumb to the
infection within 2 to 3 days were sacrificed and counted as dead.

Growth curves. Starter cultures of the Erdman wt and of the Arpf4B strain
were grown in 10 ml Middlebrook 7H9 medium to an ODy, of approximately
1.0 (~3 X 10% to 5 X 10® CFU/ml). A 1-ml aliquot of each culture was pelleted
by centrifugation, washed in PBS-T, sonicated to disrupt clumps, and used to
inoculate Middlebrook 7H9 medium supplemented with 0.2% glycerol, 0.05%
Tween 80, and 10% OADC enrichment to give a final concentration of ~2 X 10°
CFU/ml. The inoculum was also serially diluted in PBS-T and plated onto
complete 7H10 agar so that the precise number of input CFU could be calcu-
lated. The cultures were grown in 250-ml sterile disposable Erlenmeyer flasks
(Corning catalogue number 430183) with gentle shaking at 37°C. Aliquots were
removed at various times and sonicated; a portion was used to measure the
ODgq, and the remainder was serially diluted and plated to determine CFU/ml.

Macrophage infections. Bone marrow-derived macrophages were prepared
from C57BL/6 mice by flushing isolated femurs with Dulbecco modified Eagle
medium (DMEM) (Cellgro) supplemented with 10% heat-inactivated fetal bo-
vine serum, 2 mM L-glutamine, and 1X nonessential amino acids (complete
DMEM). The cells were washed and cultured for 7 days on petri dishes in
complete DMEM, also supplemented with 20% L1929-conditioned medium
(LCM). After 7 days, the cells were detached using cold 5 mM EDTA (in PBS),
washed in complete DMEM, and resuspended in DMEM with 10% LCM. The
cells were seeded into wells of either 6-well (1 X 10° cells/well) or 24-well (2.5 X
10° cells/well) plates and permitted to adhere overnight prior to infection. The
macrophages were infected with M. tuberculosis strains that were grown to
mid-log phase, washed, resuspended in complete DMEM, and diluted to the
appropriate titers in complete DMEM. The bacteria were added to the wells at
a multiplicity of infection (MOI) of 1 or 5. Uninfected control cultures received
no mycobacteria. After 4 h of incubation at 37°C to permit bacterial uptake, the
cell monolayers were washed two times with PBS to remove extracellular bac-
teria, following which complete medium with 10% LCM was added back. At
various times after infection, the medium was removed to a tube containing
sufficient sodium dodecyl sulfate to give a final concentration of 0.025%; the cell
monolayers were lysed with 0.025% sodium dodecyl sulfate and combined with
the supernatant. The lysates were diluted in PBS-T and plated onto 7H10-
OADC-glycerol for determination of bacterial numbers. For evaluation of
growth in activated macrophages, the macrophages were first primed for 24 h
with 500 U/ml recombinant murine gamma interferon (IFN-y) (Peprotech),
following which E. coli lipopolysaccharide (LPS) (serotype 055:B5; Sigma) at 1
png/ml was added during the 4-h incubation with the M. tuberculosis strains. The
subsequent washing and replenishment of media were as described above.

Cytokine measurements. Supernatants of macrophage cultures, either unin-
fected or infected with the indicated M. tuberculosis strains, were collected from
the macrophages at 24 h postinfection, filtered twice through a 0.22-um filter,
and stored at —20°C. The concentrations of tumor necrosis factor alpha (TNF-a)
or interleukin 6 (IL-6) in the supernatants were analyzed using commercial
enzyme-linked immunosorbent assay (ELISA) kits (Quantikine; R&D Systems)
according to the manufacturer’s instructions.

Complementation of the Arpf4B mutant. Generation of a pMV306 construct
harboring the rpfB coding sequence driven by the /sp60 promoter (P),,60) has
been described previously (60). The rpf4 coding sequence driven by its native
promoter (P, v.) ~543 bp of upstream sequence that included the binding site
for the Rv3676 transcription factor belonging to the cyclic AMP receptor protein
(CRP) family (47), was then inserted into this construct. The promoter-rpf4
cassette was amplified from Erdman genomic DNA (using the primer pair
rpfA-start [5" ACG CGT CTC CTA CCT GCG CGA CGG G 3'] and rpfA-end
[5" TCT AGA CGA CGA ATG GGT GGG TTC GG 3'], with the Mlul and
Xbal restriction sites underlined), and the resulting PCR product was cloned into
the pMV306-Asp60-rpfB construct using the Mlul and Xbal restriction sites. The
resulting plasmid was transformed into the ArpfAB strain; kanamycin-resistant
colonies were selected, and the presence of both of the complementing genes
(rpfA and rpfB), integrated at the attB site, was confirmed by Southern blot
analysis (see Fig. 9A). The designation for the complemented strain (ArpfA4::res
ArpfB::res-hyg-res attB::Py,yPfA PgeopfB) is abbreviated ArpfAB-comple-
mented hereafter.

Statistics. Analysis of survival data was carried out using the Kaplan-Meier
method, and the log rank test was used to determine the statistical significance
of observed survival differences (GraphPad Prism v.4.01; GraphPad Software,
California). Where noted, Student’s ¢ test (two-tailed) was used to determine the
statistical significance for cytokine data and for CFU data (using log-transformed
CFU values). For macrophage growth data and for cytokine experiments that
included the complemented strain, a one-way analysis of variance (ANOVA) was
performed when three or more groups were compared (GraphPad Prism v.4.01;
GraphPad Software, California).

RESULTS

Construction of multi-rpf knockouts. The vector used to
generate the rpf-like gene deletion mutants was designed to
contain recognition sites for the transposon yd-resolvase (res
sites) flanking the hygromycin resistance cassette. We took
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FIG. 3. ArpfAB exhibits altered colony morphology. Colonies of ArpfAB (B) are smoother and more regular than those of the Erdman wt strain

(A); the ArpfAB colonies also have a more prominent translucent “halo.”

advantage of this vector design to “unmark” the rpfA4 deletion
mutant as described previously (1); we have since used the
same methods to unmark the rpfD mutant, as well. The un-
marked strains were used as the substrates to generate mutants
with deletion of a second rpf gene by specialized transduction.
The double knockouts were examined by Southern blotting
(Fig. 1 and 2); as expected, all carried a “resolved” version of
the gene originally deleted, either rpfA4 or rpfD (Fig. 1A and B).
The double knockouts obtained were ArpfAB, ArpfBD, ArpfAC,
ArpfCD, ArpfAD, ArpfAE, and ArpfDE (Fig. 2A to D).

Colony morphology. Because Rpfs have homology to lytic
transglycosylases, we were interested in the impact 7pf deletion
might have on bacterial cell wall structure, which might be
manifested by a colony morphology phenotype. It was there-
fore notable that, alone among the seven rpf double-deletion
mutants, the ArpfAB mutant displayed a distinctly altered col-
ony morphology. Colonies of the ArpfAB strain were noted to
be more circular (with a less irregular border) and smoother
(less wrinkled) than colonies of the parental Erdman wt strain;
the double mutant also showed a dense central region sur-
rounded by a prominent translucent “halo,” giving the colonies
a target-like appearance (Fig. 3A and B).

The rpf double mutants with disruption of the rpfB gene
exhibit marked delays in AG-induced mortality in mice. We
showed previously that the M. tuberculosis rpfB single mutant
was significantly delayed in AG-induced reactivation in
C57BL/6 mice (61). The seven rpf double mutants generated
for this study were evaluated for defects in reactivation using
the same model. The results showed that only the ArpfAB and
ArpfBD strains exhibited a marked delay in disease recrudes-
cence, as assessed by mortality (Fig. 4A). None of the mutants
with an intact 7pfB gene displayed the reactivation phenotype.
The median survival time (MST) after the start of AG admin-
istration was 69 days for Erdman-infected mice and 153 days
for ArpfBD-infected mice but could not be calculated for
ArpfAB-infected mice, because only 2 of 12 mice had suc-
cumbed at the time the experiment was terminated after 156
days of AG treatment. The survival curves for Erdman-in-
fected and ArpfAB-infected mice were significantly different
(P < 0.0001), as were the curves for Erdman-infected and
ArpfBD-infected mice (P = 0.0005). It was apparent that the
ArpfAB and ArpfBD strains exhibited a more pronounced AG-
induced reactivation phenotype than the previously reported
ArpfB single knockout (MST, ~97 to 112 days) (61). Since the
ArpfAB mutant exhibited the most severe reactivation pheno-

type, we focused on characterizing the in vivo progression of
disease caused by this strain.

The ArpfAB mutant is attenuated in vivo, displaying both a
persistence and a reactivation defect. Our previous studies
have shown that in C57BL/6 mice, the deletion of any single rpf
gene from M. tuberculosis resulted in no observable defect in
growth or persistence through 16 weeks postinfection (60).
Analysis of the in vivo growth kinetics of the ArpfAB strain
following pulmonary infection via aerosol, to mimic the most
common route of infection, showed that the early growth and
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FIG. 4. ArpfAB and ArpfBD strains are reactivation deficient.
(A) Mortality. C57BL/6 mice were infected with ~100 CFU of M.
tuberculosis Erd wt or the indicated rpf double-deletion mutant:
ArpfAB, ArpfBD, ArpfDE, AipfCD, AmpfAD, ArpfAE, or ArpfAC. Reac-
tivation was induced at 18 weeks postinfection by AG administration,
with survival monitored over time (n = 8 to 12 mice per group).
(B) Lung titers. C57BL/6 mice were infected by aerosol with the
indicated strains, and mice were sacrificed at various time points to
determine the numbers of CFU in the lung (n = 3 mice per group).
The error bars indicate standard errors.
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dissemination of the ArpfAB mutant was unimpaired, with
3-week bacterial numbers nearly identical to those of the
Erdman strain in all three organs (Fig. 5). However, by 8 weeks
after infection, the lung bacterial burden was ~7-fold lower for
the ArpfAB strain than for the Erdman strain, a difference that
increased to 20-fold by 12 weeks postinfection (Fig. SA). Bac-
terial numbers in the spleen were also three- to fourfold lower
for the ArpfAB strain than for the Erdman strain at 8 and 12
weeks postinfection, while liver numbers were ~1 log unit
lower for the ArpfAB strain than for the Erdman strain at 12
weeks postaerosol infection (Fig. 5B and C). The CFU differ-
ences were maintained at these approximate levels for up to 7
months (data not shown). Two repeat studies demonstrated
comparable results. This persistence defect is a unique feature
of the rpfAB combined knockout, as it was not observed with
either the single ArpfA4 or ArpfB mutant (60) or any of the other
six double-knockout strains in pulmonary tissue (Fig. 4B).

The in vivo growth kinetics experiments were carried
through to examine the reactivation capacity, following pulmo-
nary infection, of the ArpfA4B strain in detail. The results re-
vealed that while the Erdman-infected mice began to exhibit
characteristic signs of illness (cachexia, poor coat condition,
hunched posture, and decreased mobility) at 11 to 12 weeks
after initiation of the NOS inhibitor treatment, mice infected
with the double mutant appeared healthy. The numbers of
Erdman bacteria recovered from lung and spleen began to rise
substantially at this time (Fig. 5), eventually reaching titers of
>10® CFU in the lungs (Fig. 5A) and close to 10° in the spleens
(Fig. 5B). For the ArpfAB strain, in contrast, there was little
increase in the pulmonary bacterial burden during the period
of AG administration (the number of CFU remained <10°)
and no increase in the spleen (Fig. 5A and B). After 12 weeks
of AG administration, the bacterial burden in Erdman-in-
fected mice had increased by ~10-fold in the liver, while liver
bacterial numbers for ArpfAB-infected mice remained rela-
tively constant during this time interval (Fig. 5C). We note that
the difference between the tissue bacterial loads of the Erdman
and ArpfAB strains at some time points late in the course of
AG treatment did not reach statistical significance (P < 0.05),
despite the apparently large differences in the mean values of
the data (Fig, 5 A to C). This was most likely due to the large
variance introduced by the very high postreactivation CFU
values in the Erdman-infected mice, as well as the fact that the
mice examined were at different stages in the reactivation
process due to an inherent variability in the pace of reactiva-
tion in individual mice (see the mortality curves in Fig. 4A and
5D). For example, at 18 weeks of AG administration (31 weeks
postinfection), total lung CFU values were 4.8 X 10® and 2.0 X
107 in two Erdman-infected mice versus 1.6 X 10° and 6.8 X
10° in two ArpfAB-infected mice (P = 0.08 by Student’s ¢ test
of log-transformed values).

In agreement with the first study (Fig. 4), the ArpfAB strain
exhibited marked delay in mortality upon AG-induced reacti-
vation. While three of the eight Arpf4B-infected mice re-
mained alive after >300 days of AG treatment (MST, 307
days), the majority of the 13 Erdman-infected mice had suc-
cumbed between days 80 and 125 (MST, 99 days). The mor-
tality curves for the two groups were significantly different (P =
0.0001 by the log rank test). Subsequent examination of the
long-term survivors in the AG-treated, ArpfAB-infected group
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are shown, the experiment has since been repeated with similar results.

at 330 days posttreatment revealed that they harbored bacilli,
albeit in low numbers, in the lungs (average, 2.5 X 10° CFU)
and spleen (average, 1.4 X 10* CFU), indicating that although
deficient in recrudescent infection, the ArpfAB strain can sur-
vive for extended periods within murine tissues. Together, the
results indicate that the Arpf4AB mutant is severely impaired in
its ability to resume growth and multiplication when the pro-
duction of host antimicrobial reactive nitrogen intermediates is
inhibited by AG and that this inability correlates with an at-
tenuation of virulence.

The ArpfAB mutant exhibits the reactivation-deficient phe-
notype in a CD4* T-cell depletion model. In order to explore
whether the delayed-reactivation phenotype of the ArpfAB
strain is restricted to the AG model, we analyzed the capacity
of the mutant to reactivate in mice upon CD4 depletion (53).
This model was selected due to its relevance to human immu-
nodeficiency virus infection and because the reactivation ac-
companying CD4 depletion occurs independently of NOS2
(53). The bacterial growth kinetics were consistent with prior
experiments, with no impairment in the initial log linear phase
of M. tuberculosis growth (the 3-week time point), followed by
a decline in the ArpfAB pulmonary bacterial load to ~1 log
unit lower than the Erdman wt, a deficit maintained through 25
weeks postinfection (Fig. 6A). CD4 ™" T-cell depletion initiated
6 months after infection led to rapid disease progression in the
Erdman-infected mice (MST, 41 days); by comparison, the first
death among the ArpfAB-infected group of 11 mice did not
occur until 48 days of anti-CD4 monoclonal antibody GK1.5
treatment (Fig. 6B). The survival curves for Erdman-infected

versus ArpfAB-infected mice treated with GK1.5 were signifi-
cantly different (P < 0.0001) (Fig. 6B). We noted that the
Erdman-infected mice receiving rat IgG (MST, 56 days) also
exhibited accelerated mortality compared with either of the
ArpfAB-infected groups. This observation was likely due to the
fact that the Erdman-infected mice were succumbing to a
spontaneous reactivation process unrelated to the administra-
tion of IgG, as prior studies have established that rat IgG does
not alter disease progression in chronic M. tuberculosis infec-
tion in mice (35, 53). In addition, the deaths in this group
occurred at ~30 to 40 weeks postinfection, late time points at
which we had observed significant morbidity accompanied by
striking elevations in the lung bacterial burden, as well as
deaths, among Erdman-infected mice observed during the nat-
ural course of infection (data not shown). Therefore, the curve
for the GK1.5-treated mice may include deaths due to spon-
taneous reactivation, as well as those due to CD4 depletion. In
any case, the findings demonstrate that the ArpfAB strain is
significantly impaired in the recrudescence of infection and
that the phenotype is a more general phenomenon not re-
stricted solely to the setting of NOS2 inhibition.

The Arpf4B mutant exhibits delayed reactivation in NOS2~/~
mice in a “modified Cornell model” in which prereactivation
bacterial numbers are similar to those of the wt. The data pre-
sented provide clear evidence for a striking deficiency in the
capacity of the AmpfAB strain to reactivate from a chronic
infection. However, since the strain also exhibits a persistence
defect, which caused prereactivation organ bacterial numbers
to be significantly lower than for the wt (Fig. 5 and 6), inter-
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FIG. 7. The ArpfAB strain is attenuated for growth within macrophages. (A and B) Resting macrophages. Bone marrow-derived macrophages
(BMDM) from C57BL/6 mice were infected with Erdman wt, ArpfAB clone 1 (ArpfAB-1), or ArpfAB clone 2 (ArpfAB-2) at an MOI of 1 (A) or
5 (B), and bacterial numbers were monitored at the indicated time points. (C) Activated macrophages. C57BL/6 BMDM, which had been activated
with IFN-y and LPS, were infected with Erdman wt, ArpfAB clone 1, or ArpfAB clone 2, and bacterial numbers were assessed as described above.
For panels A, B, and C: s, P values for the Erd strain versus the ArpfAB-1 strain, < 0.05; *, P values for the Erd strain versus the ArpfAB-2 strain,
<0.05. The error bars indicate standard errors. (D) Axenic culture. Growth of the Erd wt and the ArpfA4B strain was monitored in 7H9 medium.

pretation of the reactivation phenotype is not straightforward.
To circumvent the potentially confounding factor of the dif-
ference in the tissue bacterial burdens in the ArpfAB- and wt
Erdman-infected mice at the onset of reactivation, we em-
ployed a modified Cornell model, which involved treating in-
fected mice with antimycobacterial agents for 3 months to
achieve an apparently sterile state as previously described by
McCune et al. (30, 31). Unlike the original Cornell model,
however, but similar to more recently described variations of
the model (51), we allowed an initial period of bacterial growth
to permit at least partial induction of host immunity prior to
initiating the chemotherapy. Rather than using immunocom-
petent C57BL/6 mice, we infected NOS2™/~ mice, as these
mice exhibit greatly enhanced susceptibility to M. tuberculosis
infection (27) and we reasoned that discontinuing INH/PZA
treatment in the animals would permit the recrudescence of
infection in a manner analogous to administration of NOS
inhibitors to chronically infected wt mice (14, 27).

In the NOS2™/~ mouse, growth of both the Erdman wt and
the ArpfAB strain in the lungs after a low-dose aerogenic chal-
lenge was rapid, achieving lung titers of ~107 CFU at 16 days
postinfection (Fig. 6C). The INH/PZA treatment was begun at
this time and continued for 3 months. The total numbers of
lung CFU were very low (<50) and were similar for the two
strains when assessed at 2 weeks after drug discontinuation
(Fig. 6C); viable mycobacteria were not recovered from the
spleen or liver at this time point. In a separate experiment (not
shown), no mycobacteria were recovered from lung, spleen, or
liver homogenates when the organs were harvested at a slightly
earlier time point, 2 days following drug discontinuation, indi-
cating that the apparently sterile state had been achieved with
our model. Even with this “equalization” of the prereactivation
pulmonary bacterial numbers, NOS2 ™/~ mice infected with the

ArpfAB strain still exhibited significantly delayed mortality
compared with Erdman-infected mice (P = 0.0079 by the log
rank test) (Fig. 6D). The median survival after drug discontin-
uation was 143 days for Erdman wt-infected mice versus 237
days for those infected with the ArpfAB strain. The results
demonstrate that the deficiency in growth resumption during
chronic infection is separable from the lower prereactivation
CFU “set point” and echo our earlier findings with the ArpfB
single mutant, which exhibited delays in reactivation in the
absence of any persistence defect (61). This experiment also
provides further evidence that the reactivation defects ob-
served for the 7pf mutants are not confined to the AG-induced
reactivation model but are seen in a variety of in vivo contexts
where the bacteria recrudesce from a persistent state.

The ArpfAB mutant has an attenuated phenotype in both
unactivated and activated macrophages. Macrophages are im-
portant in vivo targets for M. tuberculosis infection. An array of
M. tuberculosis mutants with altered virulence, including some
with altered cell wall structure, have been found to exhibit
changes in their capacities to modulate host immune responses
in macrophage systems (25, 28, 29, 42, 43, 55, 57). Given the
distinct colony morphology of the ArpfAB mutant and the in
vivo attenuation relative to the Erdman strain, we reasoned
that the interactions of the ArpfAB strain with macrophages
might be altered and chose to characterize these further in an
ex vivo bone marrow-derived macrophage system. Growth of
the Erdman wt and of two independently obtained clones of
the ArpfAB double mutant (ArpfAB-1 and ArpfAB-2) was as-
sessed over a 6-day period. Uptake levels at 4 h were similar for
the wt and ArpfAB double-mutant strains, but both of the
ArpfAB clones (1 and 2) displayed diminished growth in unac-
tivated macrophages, with approximately twofold fewer CFU
by day 6 (Fig. 7A and B). An intracellular growth defect for
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FIG. 8. The ArpfAB strain induces increased macrophage production of TNF-a and IL-6. C57BL/6 BMDM were infected with Erdman wt
(light-gray bars) or ArpfAB clone 2 (dark-gray bars) at an MOI of 1 (A and C) or 5 (B and D) or left uninfected (white bars). Supernatants collected
at 24 h were assayed for TNF-a (A and B) or IL-6 (C and D) by ELISA. The results of representative experiments are shown. Samples from each
well were assayed in duplicate, and the results are shown as means plus standard errors. The designations Erd-1 and -2 and Arpf4B-1 and -2 refer
to each of the two samples assayed for each experiment shown. *, P for the Erdman versus the ArpfA4B strain, <0.05.

ArpfAB clones 1 and 2 was also found for macrophages stim-
ulated with IFN-y and LPS (Fig. 7C), where the growth of the
Erdman wt was suppressed compared with unactivated mac-
rophages but the mutants displayed even greater growth sup-
pression, with nearly flat growth curves from day 1 to day 6.
The results suggest a role for RpfA and -B in promoting
mycobacterial growth in resting macrophages and possibly my-
cobacterial persistence/survival in activated macrophages. In
contrast to the macrophage growth findings, the ArpfA4B strain
did not show a significant growth defect when propagated in
broth media (Fig. 7D).

Macrophages infected with the ArpfAB mutant produce
higher levels of the proinflammatory cytokines TNF-a and
IL-6. To evaluate the contributions of rpfA and rpfB expression
to the modulation of host immune responses, we compared
levels of TNF-a and IL-6 secretion in C57BL/6 bone marrow-
derived macrophages infected with the Arpf4B mutant and the
Erdman wt at 24 h postinfection. These cytokines were chosen
because preliminary analysis of multiple cytokines using a cy-
tometric bead assay (Millipore Beadlyte Mouse Multi-Cyto-
kine Detection System 2) (data not shown) had revealed that
they were the most vigorously induced cytokines in our system,
while the 24-h time point was selected because CFU values for
the wt and mutant were very similar, eliminating bacterial
numbers as a variable in cytokine induction. Macrophages in-
fected with the ArpfAB strain (clone 2 was used in these stud-
ies) produced greater amounts of both TNF-a and IL-6 than
those infected with the Erdman wt, with average differences
just under 2-fold for TNF-a and 2.5- to 3-fold for IL-6 (Fig. SA

to D). The results suggest that absence of 7pf4 and rpfB ren-
ders the mutant more proinflammatory in terms of macro-
phage TNF-a and IL-6 production. Therefore, the Rpfs, per-
haps through their activities on the mycobacterial cell wall,
may play a role in host immune evasion.

Complementation of the colony morphology and the macro-
phage cytokine secretion phenotypes. In order to complement
the ArpfAB mutant, single copies of the rpf4 and rpfB coding
sequences were introduced into the double-knockout strain at
the a#B site (Fig. 9A); expression of both genes was confirmed
in log-phase bacteria using real-time reverse transcription-
PCR analysis (data not shown). Comparison of the colony
morphology of the ArpfAB-complemented strain to that of the
Erdman wt and the ArpfAB strains demonstrated a clear con-
version of the complemented strain away from the circular and
smoother morphology of the ArpfAB strain, so that the com-
plemented strain colonies were nearly indistinguishable from
those of the Erdman wt, often actually exhibiting a rougher,
more wrinkled appearance than the wt strain (Fig. 9B). This
observation is consistent with the view that the Arpf4B strain
exhibits RpfA/RpfB-dependent cell wall structural changes.
The macrophage phenotypes of the complemented strain were
also assessed. Strikingly, the enhanced cytokine secretion phe-
notype seen with the ArpfAB strain was reversed in the com-
plemented strain (Fig. 9C). In the experiment shown, the mac-
rophages were infected at an MOI of 5, and the supernatants
were harvested for cytokine analysis at 24 h postinfection.
When the data were analyzed by one-way ANOVA, produc-
tion of both TNF-a and IL-6 was found to be significantly
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FIG. 9. Complementation of the ArpfAB strain with combined expression of rpfA4 and rpfB restores the wt colony morphology and reduces the
macrophage proinflammatory cytokine stimulation toward wt levels. (A) Southern blots demonstrating the presence of the rpf4 and rpfB genes
inserted at the a#B site of the ArpfAB-complemented (compl) strain. Genomic DNAs prepared from putative ArpfAB-complemented strains
(clones 1 to 4) or from Erdman wt were digested with EcoRI (top) or SacI (bottom) and probed with a **P-labeled probe consisting of rpf4 coding
sequences (top) or rpfB coding sequences (bottom). The expected band sizes for the Erdman wt and for the ArpfAB-complemented strain are
indicated below each blot. The positions of size markers (kb) are shown to the right of each blot. (B) Colonies of the ArpfAB-complemented (comp)
strain (bottom) are rougher/more wrinkled than those of the Arpf4AB parental strain (middle) and more closely resemble the rough colonies of the
Erdman wt strain (top). Shown are plates with numerous colonies (similar in number) on the left and a single large colony from a sparsely
inoculated plate containing only a few colonies in total on the right. (C) Production of TNF-a and IL-6 by macrophages infected with the Erdman
wt, ArpfAB, and ArpfAB-complemented strains. C57BL/6 bone marrow-derived macrophages were left uninfected (vertically hatched bars) or were
infected with the Erdman wt (white bars), ArpfAB (black bars), or ArpfAB-complemented (gray bars) strain at an MOI of 5; the supernatants
collected at 24 h were assayed for TNF-a (left) or IL-6 (right) by ELISA. The results of a representative experiment are shown. The results are
shown as means plus standard errors of two individual samples per treatment group (with each sample assayed in duplicate).

lower (P < 0.05) for macrophages infected with the ArpfAB-
complemented strain than for macrophages infected with the
parental ArpfAB strain. Although in this experiment the dif-
ferences between the remaining infected groups did not reach
the level of statistical significance (P > 0.05 by one-way
ANOVA), the trend toward enhanced production of TNF-a
and IL-6 elicited by infection with the ArpfAB strain compared
with the Erdman wt was again observed. Although results of a
representative experiment are shown, the trend toward lower

TNF-a and IL-6 induction by the ArpfAB-complemented strain
than by the ArpfAB strain was observed in five independent
experiments (with MOIs ranging from 1 to 5).

Interestingly, the attenuated intramacrophage growth phe-
notype of the ArpfAB strain was not reversed in the comple-
mented strain (data not shown). This demonstrates that the
cytokine secretion and macrophage growth phenotypes are
separable. The failure of the growth phenotype to be comple-
mented deserves further investigation but could reflect the
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inappropriate levels or timing of expression of rpf4 and/or rpfB
in the complemented strain.

DISCUSSION

Latency and reactivation are central features of M. tubercu-
losis pathogenesis, but the bacterial factors that regulate these
processes are largely unknown. The M. tuberculosis Rpfs are of
obvious interest in this regard because of their ability to stim-
ulate the growth of late-stationary-phase Mycobacterium bovis
BCG cultures (36, 38) and our earlier observation that a single
rpfB knockout displayed a delay in AG-induced reactivation in
mice relative to the wt Erdman strain (61). However, although
the impact of the single 7pfB knockout on reactivation was
clear, a number of important questions remained regarding the
role of Rpfs in M. tuberculosis reactivation. These questions
include whether the five M. tuberculosis Rpfs possess redun-
dant functions relevant to bacterial growth, persistence, and
reactivation.

The present study reinforces the role of RpfB in regulating
M. tuberculosis reactivation and implicates RpfA in the same
process. The phenotype of the single rpfB knockout was de-
layed reactivation following AG administration, while no de-
fect in bacterial persistence was detected. In the current study,
we found that the combined rpfA/rpfB knockout displayed an
even more dramatic impairment in AG-induced reactivation,
with ArpfAB-infected mice exhibiting an extremely prolonged
median survival of ~300 days of AG treatment, or ~400 days
postinfection. A separate mortality group not treated with AG
was not included in this experiment. However, the Arpf4B-
infected, AG-treated (from 3 months onward) mice survived
longer than the ~250- to 350-day MSTs for historical C57BL/6
controls infected by aerosol with the Erdman or H37Rv wt
strain and allowed to succumb to the natural course of infec-
tion (i.e., in the absence of AG administration) (34, 40, 62).
Overall, the results indicate an extreme defect for the ArpfAB
strain in reactivation induced by NOS inhibition. As described
above, we also observed delayed mortality in a model of reac-
tivation induced by depletion of CD4™ T cells (Fig. 6B), ex-
cluding the possibility that the reactivation deficit is specific to
the AG system and suggesting a general effect of the Rpfs on
growth resumption from a persistent or dormant state. The
fact that the phenotype was also observed in the “modified
Cornell model” employing NOS2~/~ mice (Fig. 6D) indicates
that even when the reactivation process commences from sim-
ilar and extremely low bacterial numbers, the growth resump-
tion of the double mutant is impaired compared with the wt.

The other notable phenotype of the double mutant, com-
pared to the single rpfB mutant, is the persistence defect seen
with the ArpfAB strain. The identification of M. tuberculosis
genes that play critical roles during the chronic phase of infec-
tion has been an area of great interest, especially as the gene
products may provide targets for drugs designed to abbreviate
courses of therapy or for strategies to control reactivation from
latent infection. One of the first M. tuberculosis mutants found
to show a specific defect in persistence was deleted for pcaA,
which encodes an enzyme responsible for the cyclopropanation
of the a-mycolate class of cell wall fatty acids (15). Similar to
ArpfAB, the ApcaA strain was found to exhibit altered cell
surface properties (it was originally identified in a screen for
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mutants defective in cording); also reminiscent of Arpf4B, the
impact of the pcad deletion on survival was pronounced, de-
spite a relatively modest deficit in the pulmonary bacterial
burden during chronic infection (15). The ApcaA strain was
also found to induce altered macrophage inflammatory re-
sponses (41). It is difficult to identify overarching themes re-
garding the mycobacterial factors implicated in persistence in
vivo, although a number of M. tuberculosis mutants with dis-
ruption of genes involved in cell envelope composition (15, 56)
and in fatty acid metabolism (33) have been found to display
defects in survival at late stages of infection, with the latter
association postulated to reflect a shift in the metabolism of
persisting organisms toward reliance on fatty acids as sources
of energy. As may be expected, if the transition into a persis-
tent state requires significant alterations in gene expression,
mutations in various transcriptional regulatory factors have
also been associated with impaired persistence (58, 63) or with
attenuated virulence impacting host inflammatory responses
and time to death without affecting bacterial numbers (22, 59).

It is unclear why the combined rpfA/rpfB mutant shows a
persistence defect that is lacking in the single A and B mutants.
As discussed further below, others have also recently reported
in vivo attenuation of multi-zpf knockout strains in murine
models, including defects in persistence (3, 21). In previous
work, we did note a trend toward pulmonary bacterial burdens
~2-fold lower in the ArpfB strain versus the wt; however,
although this was a consistent trend, the small difference did
not always achieve statistical significance (61). Although the
persistence of M. tuberculosis within the tissues of chronically
infected mice is thought to represent a relatively static equi-
librium, it is believed that there is some ongoing slow replica-
tion of at least a subset of bacteria occurring at least intermit-
tently, which serves to maintain bacterial numbers (39, 45),
albeit with a population doubling time estimated at ~70 days
(39). Although speculative, it is possible that the rpf mutants
are deficient in this ongoing low rate of bacterial replication,
perhaps due to cell wall alterations that interfere with cellular
division (23). Such a deficiency may be specific to an altered
cell wall architecture that occurs during stationary phase/dor-
mancy (9, 26, 54) and therefore may not be apparent during
growth under standard in vitro culture conditions or in the
acute phase of logarithmic growth in mice. As an alternative
(or in addition) to a defect in bacterial division that impairs
“replacement” of bacteria eliminated by the host during
chronic infection, it is also possible that rpf mutants display
heightened susceptibility to antimycobacterial host defenses
that characterize the chronic phase of infection. That is, the
defect may be one that tips the balance toward more rapid or
efficient bacterial destruction rather than one that hinders cell
division and bacterial replication. In this regard, it would be of
interest to examine the susceptibility of the ArpfAB strain to
the killing effects of NO, thought to be a critical antimycobac-
terial defense of macrophages (4, 20, 27, 46), as well as survival
of the mutant under environmental stresses, such as hypoxia
and nutrient deprivation, which are thought to be encountered
during persistence. Another area that warrants further explo-
ration is the impact that the enhanced proinflammatory cyto-
kine production by infected macrophages has upon the subse-
quent development of adaptive immune responses, especially
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as the in vivo growth attenuation is first apparent at 3 to 4
weeks postinfection, the time of onset of adaptive immunity.

As noted previously, Rpf proteins are thought to possess cell
wall-modifying enzymatic activity (5, 6, 37). The solution struc-
ture of the M. tuberculosis core Rpf domain was recently solved
by nuclear magnetic resonance and found to possess similarity
to the structure of the c-type lysozymes (CAZy family, GH22)
and soluble lytic transglycosylases (CAZy family, GH23) (5). A
recent crystallographic analysis of a portion of RpfB (including
both the G5 and Rpf core domains) has also been reported,
with the best crystals obtained upon cocrystallization with tri-
N-acetylglucosamine (50). Additionally, purified recombinant
His-tagged M. luteus Rpf was found to possess muralytic activ-
ity, with the capacity to hydrolyze both fluorescamine-labeled
M. luteus cell walls and the synthetic lysozyme substrate
4-methylumbelliferyl-B-p-N,N' ,N"-triacetylchitotrioside, albeit
with activity about 1/5 to 1/50 that of hen egg white lysozyme in
the various assays (37). Further, mutation of conserved Rpf
residues revealed some correlation between loss of muralytic
activity and loss of growth-stimulatory activity, although the
correlation was imperfect, with some mutations causing sub-
stantial impairment of cell wall hydrolytic activity but with
minimal effects on culturability (37). Also consistent with a role
for Rpfs in modulating cell wall structure, a secreted M. tuber-
culosis cell wall hydrolase that localizes to the septa of actively
dividing mycobacteria has recently been identified as a binding
partner for RpfB (17). Interestingly, the conserved portion of
RpfB alone had minimal capacity to degrade various cell wall
substrates, yet this portion of RpfB was able to act in synergy
with the cell wall hydrolase previously identified as a binding
partner (Rv1477, termed RipA) to enhance the hydrolytic abil-
ity of RipA (16). That combined deletion of rpf4 and -B results
in altered cell wall structure is suggested by our finding of
altered colony morphology for the mutant relative to the pa-
rental strain (Fig. 3), a phenotype that was reversed by rein-
troduction of the rpf genes (Fig. 9).

It is not clear why a variety of other double-knockout strains
tested did not display colony morphology and reactivation phe-
notypes similar to the Arpf4B strain, although differences in
the enzymatic activities, specificities, subcellular localization,
or timing of expression of the various Rpfs may account for the
findings. RpfA and -B are the largest of the M. tuberculosis Rpf
proteins, each possessing lengthy unique regions in addition to
the conserved Rpf domain. RpfA has C-terminal proline- and
alanine-rich repeats following the Rpf domain, while RpfB has
unique features, including a lipoprotein lipid attachment site
and several conserved domains (one G5 and three DUF348) at
its N terminus, domains that, although with unknown func-
tions, are hypothesized to play roles in substrate binding (50).

Two recent studies also provide new information regarding
the M. tuberculosis Rpf function and lend support to the results
obtained in our study. As noted above, all of our double Rpf
deletions were viable in broth culture. Kana et al. have recently
demonstrated that in fact all five M. tuberculosis paralogues can
be deleted from the M. tuberculosis chromosome without ad-
verse effects on growth in broth culture, although colony for-
mation on solid media was delayed in the quintuple and se-
lected quadruple mutants (21). Mutants with deletions of three
or more Rpfs also displayed defects in resuscitation from an in
vitro “nonculturable” state, but these phenotypes could be at

RpfA AND -B IMPACT INNATE IMMUNITY AND REACTIVATION 4279

least partially reversed by genetic complementation, strongly
suggesting that the phenotypes detected were due to Rpf loss
(21). Additionally, Kana et al. provide evidence of in vivo
attenuation of Rpf quadruple knockouts (growth and persis-
tence defects) (21), which is consistent with our data showing
the deletion of RpfA and -B alone is sufficient to confer an in
vivo persistence defect. Going beyond these phenotypes, our
data also demonstrate an impact of RpfA and -B upon cyto-
kine production by macrophages and upon reactivation from
latent infection following aerosol infection. Our studies clearly
demonstrate that the ArpfAB reactivation defect is not partic-
ular to an individual reactivation method and that the simul-
taneous deletion of RpfA and -B affects not only bacterial
titers, but also the outcome of infection as monitored by le-
thality. Consistent with these conclusions, deletion of Rpfs
influenced in vivo bacterial titers following AG-induced reac-
tivation in a nonlethal intraperitoneal-infection model (3).

In regard to in vitro growth phenotypes, we found the
ArpfAB strain to be attenuated for intramacrophage growth,
while M. tuberculosis quadruple mutants were unimpaired for
growth within monocytes (21). Although it is possible that the
double mutant may display an intracellular growth phenotype
that is reversed by further Rpf deletion, it may be that the
discrepant results are attributable to the different macrophage
systems employed (of murine versus human origin). The dif-
ferences could also be attributable to the different M. tubercu-
losis parental strains (Erdman versus H37Rv) used in these
studies. For instance, the H37Rv strain used to construct the
quadruple mutants was deficient in synthesis of phthiocerol
dimycocerosate (PDIM) (21), a phenotype that can alter viru-
lence (8, 48), while the Erdman-derived Arpf4B strain appears
unimpaired in PDIM synthesis (J. Chan and J. M. Tufariello,
unpublished data). In contrast to the macrophage cytokine
induction phenotype, the attenuated intramacrophage growth
was not reversed by complementation despite the fact that two
independent clones of the ArpfAB mutant reliably exhibited
this phenotype, suggesting that the observed phenotype was
caused by the disruption of rpf4 and rpfB. Reminiscent of this
partial complementation is the observation that the in vitro
resuscitation of dormant M. tuberculosis Rpf quadruple mu-
tants was substantially restored by complementation, while the
complementation of in vivo phenotypes was equivocal (with
partial growth restoration in some, but not all, mice at early
time points and the effect completely absent at later time
points) (21). Clearly there are multiple explanations for partial
complementation in complex systems involving interactions of
bacteria with host cells or organisms, especially when the com-
plementing genes are placed outside of their normal chromo-
somal contexts and, in some cases, driven by heterologous
promoter sequences or arbitrary lengths of upstream sequence
that may not represent the full promoter.

Although the Rpf of M. luteus was originally referred to as a
“bacterial cytokine” (36), the mechanism by which the Rpfs
may be influencing reactivation remains uncertain. The dem-
onstration of Rpf enzymatic activity has led to additional or
alternative hypotheses, other than loss of a growth-stimulatory
factor, that may contribute to the reactivation deficit seen in
the present study, including the possibility that Rpfs regulate
growth by cleaving components of the cell wall to relieve a
block to cell division (23). Another hypothesis that has drawn
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less attention is the possibility that alterations in bacterial PG
structure may alter host responses to infection and that these
altered host responses may underlie the observed in vivo de-
fects in growth, persistence, and reactivation. In the present
study, we found that the ArpfAB mutant exhibited altered in-
teractions with macrophages, inducing higher levels of proin-
flammatory cytokines. There is accumulating evidence that the
regulation of both innate and adaptive immune responses is a
critical component of M. tuberculosis virulence. A variety of M.
tuberculosis mutant strains with altered virulence properties,
including some with modified cell wall structure, have been
found to exhibit changes in their capacities to modulate host
immune responses in macrophage systems (25, 28, 29, 42, 43,
55, 57). The ArpfAB mutant appears to share some features
with the mycobacterial sec4A2 and snm secretion system mu-
tants, both of which show growth defects in cultured macro-
phages, as well as eliciting increased levels of proinflammatory
cytokines (25, 57). This similarity is intriguing, as it raises the
possibility that some phenotypes observed for loss of RpfA and
-B may be due to altered secretory capacity or cell wall per-
meability. Although a role for Rpfs in such processes has not
been examined, lytic transglycosylases of gram-negative bacte-
ria have been identified as components of various macromo-
lecular transport systems (24).

Opverall, our data demonstrate that the dramatic reactivation
defect of the ArpfAB mutant is accompanied by both altered
colony morphology and an enhanced ability to stimulate mac-
rophage proinflammatory cytokine production. These results
reinforce the proposed cell surface-modifying properties of
Rpfs and suggest the possibility that the interaction of a tuber-
cle bacillus with altered surface components might elicit a
macrophage immune response distinct from that triggered by
wt M. tuberculosis. However, we recognize that the in vivo
findings, and whether they are directly attributable to com-
bined loss of the rpf genes, should be interpreted with some
caution, given our inability to fully complement the in vitro
phenotypes of the ArpfAB mutant (that is, the lack of comple-
mentation of the macrophage growth defect). However, the
fact that others have also found that multi-rpf deletion mutants
(derived from a different parental strain than our own and
studied in mouse model systems that differ from ours in terms
of the mouse strain or route of infection) exhibited defects in
persistence and in reactivation (3, 21) lends support to the
validity of the findings for our Arpf4AB mutant and to a direct
causative role for the rpf genes in the phenotype. The results
are further bolstered by the fact that, in the current study, only
double mutants bearing the rpfB deletion showed significant
reactivation defects, despite the fact that all mutants under-
went a similar process of passaging for strain construction.
Further investigation into the impact of this important family
of proteins on innate immunity and the subsequent ability of
the host to control persistent and reactivated tuberculous in-
fection is warranted.
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